Abstract In the present study, influences of nine probiotics and tea polyphenols on the production of acetic, butyric, and lactic acid from simulated colonic fermentation of maize resistant starch (RS) were investigated. RS was fermented by fecal extracts of healthy adults at 12 g L −1 and 37°C for 18-48 h in the presence and absence of exogenous probiotics and tea polyphenols. The added probiotics increased acetic and butyric acid production by 25-216 %. Eubacterium faecalis, Lactobacillus acidophilus, L. casei, and L. helveticus increased lactic acid production by 7-58 %; however, other probiotics decreased lactic acid production. Tea polyphenols facilitated lactic acid production but inhibited acetic and butyric acid production clearly. More importantly, the added probiotics weakened the inhibitory effects of tea polyphenols on the two acids, enhancing acetic and butyric acid production by 152-641 and 825-1,777 %, respectively. It is concluded that both probiotics and tea polyphenols have different impacts on the production of acetic, butyric and lactic acid during the colonic fermentation of RS. The impacts of other probiotics and food components on the colonic fermentation of RS and other dietary fibers should be investigated in future study to clarify their possible interactions.
fermentation of maize RS and retrograded maize starch by fecal human extracts Zhu and Zhao 2013) . These results suggest that certain RS-microorganism combinations could contribute to high acid production levels in the large intestine.
Plant foods are rich in phenolic compounds with antioxidant and anti-cancer activities (Kanwar et al. 2012; Vijayalaxmi et al. 2014) . Phenolic compounds can be utilized by intestinal microbiota (Jaquet et al. 2009 ); therefore, they are also considered to be prebiotics (Parkar et al. 2008; Bauer et al. 2012; Ajila and Prasada Rao 2013) . The impacts of phenolic compounds on acid production during the colonic fermentation of RS thus should be investigated. In this study, we assessed the effects of exogenous probiotics and tea polyphenols on acid production during a simulated colonic fermentation of maize RS. RS was fermented by fecal extracts of healthy adults in the presence and absence of exogenous probiotics and tea polyphenols. Acetic, butyric, and lactic acid levels were quantified by chromatographic and spectrophotometric methods. The objective of this study was to assess the impacts of probiotics and tea polyphenols on acid production during colonic fermentation of RS and to clarify any possible interactions between probiotics and tea polyphenols.
Materials and methods

Materials
High-amylose maize starch (Hylon VII) and tea polyphenols were obtained from National Starch & Chemical Ltd. (Bridgewater, NJ, USA) and Xiya Reagent Research Center (Shandong, China), respectively. The compound 4-phenylphenol used in the lactic acid assay was purchased from Aladdin Chemistry Co. Ltd. (Shanghai, China) . Hexane (HPLC grade) was purchased from Tianjing Kermel Co. Ltd. (Tianjing, China) . Peptone, tryptone and beef extract were obtained from Beijing Aoboxing Bio-Tech Co. Ltd. (Beijing, China), while yeast extract was purchased from Oxoid Ltd. (Basingshire, England). All other chemicals and solvents used in this study were of analytical grade. Distilled water was used throughout the experiments.
Probiotics and culture conditions
The probiotics studied were Bifidobacterium infantis, Eubacterium faecalis, Lactobacillus acidophilus, L. delbrueckii subsp. bulgaricus (L. bulgaricus), L. brevis, L. casei, L. helveticus, L. plantarum, and Streptococcus thermophilus. These probiotics were maintained at the Key Laboratory of Dairy Science (Northeast Agricultural University), Ministry of Education.
The probiotics were revived and maintained in a deManRogosa-Sharpe (MRS) medium (Atlas 2004) , which consisted of the following compounds (g L −1
), tryptone, 10; peptone, 5; beef extract, 5; yeast extract powder, 5; glucose, 20; Tween-80, 1; ammonium citrate, 2; sodium acetate, 5; K 2 HPO 4 , 2; MgSO 4 ⋅7H 2 O, 0.58; and MnSO 4 ⋅4H 2 O, 0.25. To the Bifidobacterium sp. medium, L-cysteine hydrochloride was added. The final pH values of the media were adjusted to 6.2-6.4, 5.8-6.0, and 7.2 for Lactococcus sp., Lactobacillus sp., and Bifidobacterium sp., respectively.
Preparation of maize RS and adult fecal extracts
The preparation of maize RS was performed as described elsewhere.
15 Fecal samples were collected from eight healthy adult volunteers (4 males and 4 females, 22-25 years of age) with no history of antibiotics, laxatives, or gastrointestinal infections in the previous 3 months. Fecal samples were collected, processed within 1 h of passage, 15 and stored at −20°C.
Simulated colonic fermentation of RS Aliquots (2.5 mL) of fecal extracts were mixed with 0.5 mL of sterilized water, 2.5 mL of a buffer (Table 1) and RS (12 g L −1 ). The chemical composition of the buffer was slightly different to that reported by Lebet et al. (1998) . Sterilized water was replaced by one of the cultured probiotics (0.5 mL), which was added to the test tubes containing the buffer and RS. All test tubes were capped with glass stoppers, mixed, incubated at 37°C in anaerobic conditions for 6, 12, 18, 24, 36, and 48 h, respectively, mixed, and centrifuged. The resulting supernatant (2 mL) was used for the determination of acetic, butyric, and lactic acid levels. Aliquots (2.5 mL) of the fecal extracts, cultured probiotics (0.5 mL), and tea polyphenols (0.5 mL of 1.0 g L −1
) were transferred to test tubes containing the buffer and RS. The test tubes were subjected to the same fermentation conditions described above. ) was added into test tubes. Absolute ethanol (2.4 mL) was added into the tubes and mixed. The solutions were transferred to low borosilicate glass ampoules and mixed with concentrated sulfuric acid (0.1 mL) and hexane (1.0 mL). The ampoules were quickly sealed by a blast burner, heated in a water bath at 60°C for 1 h, and shaken to ensure effective esterification. Subsequently, the ampoules were left at room temperature and mixed vigorously for 5 min. After phase separation, the acetic and butyric acid levels in the upper phase (1.0 μL; hexane phase) were measured by chromatography (Fenster et al. 2003 ) using a gas chromatograph (7890 Agilent, Agilent Technologies, Santa Clara, USA) coupled to a flame ionization detector, split injector, and a HP-5 capillary column (30 m×0.32 mm; Agilent Technologies, Santa Clara, USA). The hexane phase was injected in the split mode at a 40:1 ratio. The preset temperatures of the injector and detector were 200 and 220°C, respectively. The initial column temperature was 30°C, which was held for 3.5 min and subsequently increased to 40°C at 5°C min . The carrier gas was nitrogen gas at 1.0 mL min
Lactic acid in the collected supernatants was assessed by a spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan) as per the method (Barker and Summerson 1941). The production levels of the three acids were corrected relative to those obtained at baseline (0 h).
Statistical analyses
All experiments and analyses were performed in triplicate. Data were analyzed by SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) and expressed as means ± standard deviations.
Results and discussion
Acid analyses Figure 1 shows the GC analysis results of a standard solution and a sample. During GC analysis, the retention times of acetic and butyric acid were approximately 3 and 8 min, respectively. The calculated detection limits of acetic, butyric, and lactic acid were 0.59, 0.08, and 0.06 mmol L . The results revealed that the analytical method used in this study was applicable for the measurement of the three acids.
Impacts of probiotics on acid production
The 48-h fermentation of fecal extracts in the absence of RS and probiotics generated acetic (1.98 mmol L −1 ), butyric ; Tables 2, 3 and 4). When RS was added, the production of acetic, butyric, and lactic acid increased to 10.3, 4.46, and 5.19 mmol L −1 , respectively (Tables 2, 3 and 4) . Therefore, RS was metabolized by the colonic microorganisms in the fecal extracts, resulting in higher acid production levels. When both RS and selected probiotics were added, acid production (Tables 2, 3 , while the addition of other probiotics contributed to acetic acid levels of 12.9- (Table 2 ). The addition of B. infantis and E. faecalis led to 14.0-14.1 mmol L −1 butyric acid levels, while other probiotics resulted in butyric acid levels of 8.02-13.5 mmol L −1 (Table 3) . Therefore, the addition of these probiotics enhanced the production of acetic and butyric acid by 25-198 and 80-216 %, respectively. Lactic acid production was also affected by both fermentation time and probiotics (Table 4) . Lactic acid was mainly generated during the initial fermentation stage (6-12 h); in most cases, prolonged fermentation periods (18-48 h) contributed to lower lactic acid production levels. Fermentation by E. faecalis, L. acidophilus, L. casei, and L. helveticus contributed to the highest lactic acid levels (5.56-8.22 mmol L −1
), whereas other probiotics contributed to lower lactic acid production levels (2.21-5.20 mmol L −1
; Table 4 ). These results revealed that the four probiotics enhanced lactic acid production by 7-58 %, while other probiotics decreased lactic acid production by 0-57 %. Of the probiotics investigated, E. faecalis, L. acidophilus, S. thermophilus, and B. infantis contributed to the highest production levels of the three acids.
The Bifidobacterium and Lactobacillus genera belong to dominant and sub-dominant colonic microbiota, respectively (Butel 2014) . Certain Lactobacillus strains are capable of utilizing non-digestible oligosaccharides (Crittenden et al. 2002) . Kaplan and Hutkins (Kaplan and Hutkins 2000) , who focused on lactic acid bacteria and bifidobacteria, reported that 12 of 16 Lactobacillus strains and seven out of eight Bifidobacterium strains are capable of fermenting fructooligosaccharides. Compared to other probiotics, B. bifidum contributed to higher butyric acid production level from the fermentation of sago RS (Siew-Wai et al. 2010 ). These results indicate that certain microrganisms have superior fermentative capabilities. Zhou et al. (2013) reported that the production of SCFAs (especially of butyric acid) was greatly enhanced by fermentation time. When retrograded maize starch and maize RS were fermented by human intestinal microflora, certain exogenous microorganisms had beneficial effects on acid production, especially butyric acid Zhu and Zhao 2013) . The results obtained in this study were consistent with those reported by other researchers; i.e., probiotics enhanced the production of acetic and butyric acid during the colonic fermentation of RS.
The results of this study revealed that the colonic fermentation of RS contributes to lactic acid production during the early fermentation stage; however, longer fermentation times contribute to less lactic acid production (Table 4) . Certain (Lopez et al. 2001) . Bourriaud et al. (2005) reported that lactic acid and lactate could be utilized by human intestinal microflora as precursors for butyrate synthesis. Some researchers have found that certain microorganisms can convert lactate into butyric acid (Duncan et al. 2004; Morrison et al. 2006) . Lactic acid generated during the early stage of the colonic fermentation was metabolized by the fecal microorganisms during the later stages of the colonic fermentation.
Impacts of tea polyphenols on acid production
Tea polyphenols were added into the fermentation system to assess their influences on acid production; the results are shown in Tables 2, 3 , respectively. This result indicated that the addition of tea polyphenols inhibited acetic and butyric acid production because in the absence of tea polyphenols the production levels of acetic and butyric acid were higher (1.98 and 0.62 mmol L −1 , respectively; Tables 2 and 3 ).
However, lactic acid production was enhanced by the addition of tea polyphenols (i.e., lactic acid levels increased from 0.45 to 2.67 mmol L −1
; Table 4 ). Therefore, tea polyphenols increased lactic acid production but inhibited acetic and butyric acid production. This result suggests that tea polyphenols had different impacts on acid production during the colonic fermentation of RS.
When RS was fermented by the fecal extracts in the presence of tea polyphenols, the production levels of acetic, butyric, and lactic acid were 1.97, 0.65 and 8.92 mmol L −1 , respectively (Tables 2, 3 and 4). Acetic and butyric acid production was inhibited while lactic acid production was enhanced because in the absence of tea polyphenols the production levels of the acids were 10.3, 4.46, and 5.19 mmol L −1 , respectively. If the probiotics were inoculated into the fermentation system, an interesting phenomenon was observed. Firstly, acetic and butyric acid production were significantly enhanced (4.96-14.6 and 6.01-12.2 mmol L −1 , respectively; Tables 2 and 3); i.e., acetic and butyric acid production increased by 152-641 % and 825-1,777 %, respectively. These values revealed that the inoculated probiotics contributed to an increase in two acid production, especially butyric acid production; therefore, acetic and butyric acid production increased. Secondly, lactic acid production was less than 8.92 mmol L −1 except in the presence of L. acidophilus. This result reveals that lactic acid production was mostly inhibited by the inoculated probiotics. Whereas tea polyphenols inhibited RS fermentation, the inoculated probiotics weakened the inhibition and improved acetic and butyric acid production. This result reveals the interaction between the probiotics and tea polyphenols during the colonic fermentation of RS, and indicates another important role of the probiotics: they decrease the adverse impacts of certain food components on the colonic fermentation of RS or dietary fibers. Phenolic compounds including polyphenols are widely disturbed functional molecules in plant foods (Abuajah et al. 2014) , and can be metabolized by colonic microbiota (Grun et al. 2008) . Consumption of fruit polyphenols can effectively affect intestinal microbes and improve disbiosis (Parkar et al. 2008) . For example, Lee et al. (2006) reported that tea polyphenols had significant impacts on the colonic environment and could regulate intestinal bacterial populations. Epidemiological researches have suggested that polyphenols-rich foods are protective against colorectal cancer. However, a recent study also observed that dietary intake of tea polyphenols had no protective effect against colorectal cancer (Wang et al. 2013 ). This finding might be partly supported by the present result, as tea polyphenols could inhibit butyric acid production during the colonic fermentation of RS whereas butyric acid is considered to be protective against colorectal cancer. It is thus suggested that potential effects of tea polyphenols on colonic fermentation of other dietary fibers should also be thoroughly investigated.
The formation of acetic, butyric, and lactic acid should be a favorable trait of colon-targeted functional foods. The present study evidenced that both tea polyphenols and exogenous probiotics either increase or decrease acid production during the colonic fermentation of RS. Future studies should assess the impacts of other probiotics and food components on acid production during the colonic fermentation of RS and other dietary fibers, and to clarify their possible interactions unknown in the present time.
Conclusion
Probiotics and tea polyphenols, added into a simulated colonic fermentation system of maize RS, had significant impacts on the production of acetic, butyric, and lactic acid. The probiotics enhanced the production of acetic acid and especially of butyric acid, while only some probiotics increased the production of lactic acid. Tea polyphenols enhanced lactic acid production but inhibited acetic and butyric acid production. The probiotics weakened the inhibitory impacts of tea polyphenols and therefore improved acetic and butyric acid production. The influences of other probiotics and phenolic compounds on the colonic fermentation of RS and other dietary fibers should be investigated in future studies. 
